Objectives: to predict¯avonols content of the habitual diets of free-living subjects from urine and plasma concentrations of¯avonols. Design: Ten type 2 diabetic patients (®ve male, ®ve female), mean age 60 (s.e.m. 7) y and BMI 30.2 (s.e.m. 3.5) kgam 2 were treated in a random crossover design for a 2 week period on either a low¯avonoid diet or on the same diet supplemented at one of two high¯avonols levels (total 77.3 or 110.4 mgaday) provided by supplements of 1500 ml tea daily and 400 g fried white onion in olive oil with and without tomato ketchup and herbs. Setting: Glasgow Royal In®rmary, University of Glasgow, Scotland. Main outcome measures: Fasting plasma concentration, urine concentration and 24 h excretion of quercetin, isorhamnetin, kaempferol and myricetin. Results: Plasma¯avonol concentration (r 0.750, P 0.001), 24 h urine concentration (r 0.847, P 0.001) and 24 h urine excretion (r 0.728, P `0.001) were all highly signi®cantly related to dietary intake and gave similar estimates of intakes. Fasting plasma¯avonols concentrations on habitual diets ranged from 0 to 43.7 ngaml mean. Regression equations were constricted: total¯avonols intake r 0.74, P`0.001 and quercetin intake r 0.744, P`0.001. From these equations,¯avonol intakes from habitual diets were estimated at 17±50, mean 35 mgaday. Of this, 91% was from quercetin. Conclusions: Dietary¯avonols are absorbed and appear in plasma and urine as potential biomarkers in concentrations related quantitatively to intake. Estimation of dietary intake from plasma or urine concentrations appears possible. Sponsorship: Rank Prize Funds and Rank Foundation of the Department of Human Nutrition; Ministry of Health and Medical Education, IR Iran.
Introduction
The¯avonols belong to the large group of¯avonoids, and quercetin is the major representative of the¯avonols subclass, whose structures and antioxidant activities are de®ned by a 3-OH group, a double bond, and a carbonyl group in the C ring ( Figure 1 ). Major dietary sources of avonols are onions, kale, broccoli, apples, cherries, tea and red wine (Hollman 1997; Hertog et al 1992 Hertog et al , 1993a Hertog et al , 1993b .
Little information is available on the absorption, metabolism and excretion of¯avonols in humans, although there is information about the¯avonoid contents of certain foods, for example those analysed by Hertog et al (1992) and Crozier et al (1997) . Estimates of total¯avonoid consumption vary from 6 to 64 mgaday (Hertog et al, 1993a (Hertog et al, , 1995 . These estimates are based on incomplete analysis of a relative small number of foods, applied to dietary records.
Based on the work of Gugler et al (1975) , who observed no absorption of the quercetin aglycone by the human gut, Ku Èhnau (1976) concluded that conjugate¯avonoids in foods are not absorbed and only aglycones are absorbed in the human gut. However, this conclusion was clearly incorrect: the bioavailability of¯avonoids has more recently been assessed using modern HPLC methods (Hollman 1997 Paganga & RiceEvans, 1997; Hertog and Hollman 1996; McAnlis et al, 1998; Aziz et al, 1998 , Conquer et al, 1998 and they have all shown de®nite but variable absorptions from foods. Hollman et al (1995) found much lower absorption of aglycone quercetin than glycosides from onions (24% vs 52%), but most¯avonoids in foods are in conjugated forms. Conquer et al were able to elevate plasma quercetin concentration 23-fold after 28 days taking a supplement containing 1 gaday aglycone quercetin together with a variety of other phenolic compounds, so free quercetin is clearly absorbed in the human gut.
This study focuses on the relationship between¯avonols intake (in test diets designed to have either low or high contents), urine excretion and plasma concentration of avonols, to assess the feasibility of establishing a biomarker for the¯avonol content of the habitual diets of freeliving subjects.
Methods
Three test diets were designed and advised by a dietician. The basis was dietary advice to follow a low-¯avonol diet, speci®cally by avoiding red wine, fruit juice, tea, all fruits, nuts and vegetables (with particular emphasis on foods like onions, known to be high in¯avonols which may appear in composite foods). The low-¯avonol diet was thus composed of foods not known or suspected to contain¯avonols. Two high-¯avonol diets both contained tea (six cups daily), plus an onion dish (400 g white onions lightly fried in olive oil) or an onionatomato ketchupaherb dish (400 g white onions lightly fried in olive oil, 20 g tomato ketchup, 1 g dried oregano) taken in three equal portions with meals. The onions for this study all came from a single batch.
Ten stable and otherwise healthy volunteers with noninsulin dependent diabetes were studied, allocated in 14-day periods to consume the low-¯avonol diet, or to one of the two high-¯avonol diets, in a randomized crossover design. These subjects were selected for a study of antioxidant status published elsewhere Noroozi et al, 1999) . The characteristics of the subjects are shown in Table 1 . All had normal bowel function. Four subjects were smokers, but did not vary their smoking during the study. Seven-day weighed diet records at baseline (ie on each subject's habitual diet) were analysed by a research dietician using the COMPEAT nutrient database based on standard food tables (Paul & Southgate, 1991) . A 24 h urine collection and fasting heparinized venous blood samples were taken at baseline (on their usual diet) and at the end of each 14 day test period. Samples were separated immediately and plasma was stored at 7 70 C until assay. Ethical permission was granted by the Medical Ethics Committee of Glasgow Royal In®rmary.
Analysis of¯avonols
Concentrations of free and conjugated¯avonols (quercetin, kaempferol, myricetin, isorhamnetin) in plasma, urine and food (test meals) were determined by reversed-phase highperformance liquid chromatography (Crozier et al, 1997) . The limit of detection for¯avonols in urine and plasma was 10 ngaml (10 ngag for foods). Plasma from venous blood kept at 0 C anticoagulated with EDTA was separated immediately and frozen at 7 70 C. Urine collections were preserved until thiomersal 0.1 g (Sigma Chemicals, Irvine, Scotland) in each bottle, kept cool at home and aliquots were frozen at 7 70 C until analysis. Sample size for analysis was 600 ml, of which 12 ml was injected onto the column (Aziz et al, 1998) . Samples were analysed in triplicate. The limit of detection was 2.7 ngaml for plasma (2.7 mgag for foods).
Analyses were conducted before and after acid hydrolysis, to determine free (aglycone) and total¯avonol and the difference was taken to indicate conjugated¯avonols. Speci®c conjugates were not characterized in this study.
Statistical analysis
The data presented on total¯avonols, and on quercetin, combine both free (aglycone) and conjugated forms. Linear regression analyses of plasma and urine quercetin and avonoids vs¯avonoids and quercetin diet were used to assess the relation between the factors. Statistical signi®-cance in all cases was assessed at the 5% level.
The chemical structure of the¯avanoids measured in plasma, urine and test diet in the present study. 
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Results
High¯avonol supplements
Total¯avonols contents in the high-¯avonol supplements were higher in onion combined with tomato ketchup (234.2 AE 5 mgag) than plain onion (148.9 AE 8.5 mgag). The tea contained 11.1 AE 0.4 mgaml. Most of the¯avonols were quercetin, mainly as conjugates (96±98%; Table 2 ).
Daily¯avonol consumption
Total daily intake of¯avonols on the test diets was calculated at 110.4 mg with tea, onion and tomato ketchup and herb supplement, while from tea and the plain onion supplement consumption was 77.3 mg. Tea in the highavonol test diets provided 16.7 mg total¯avonols and 10.8 mg quercetin daily. The major¯avonol in the two high-¯avonol test diets was quercetin (90.1 and 57.0 mg day, respectively). 
Total¯avonols
Fasting plasma and urinary¯avonol concentrations were highly correlated (Figure 2 ). In addition to quercetin, both kaempferol and isorhamnetin were detected in plasma and urine, but they contributed less than 10% of total¯avonols. Both fasting plasma and urinary (Figure 3 )¯avonol concentrations were highly signi®cantly related to dietary intake. The equations of the regression lines were used to estimate¯avonol and quercetin intakes given in Tables 4 and 5 . For the purposes of determining dietary intake, however, urinary values appear marginally better (r 2 71.8% vs 55.6%, both P`0.001). There was little additional bene®t from using both parameters in an equation to predict dietary intake derived from multiple regression analysis (r 72.4%, P`0.001).
Fasting plasma and urinary¯avonol concentrations of individual subjects are shown in Table 3 for baseline (habitual) diets together with prediction of dietary intake derived from the regression equations from Figure 3 . In urine the percentages of¯avonols present as conjugates on baseline, low and high¯avonoids diet were 82.3%, 67% and 87.4%.
In plasma 100% of¯avonols were in conjugated forms.
Quercetin
Fasting plasma and urinary concentrations on baseline diets are shown in Table 5 . These values were highly correlated ( Figure 4 ). Both plasma and urinary¯avonol ( Figure 5 ) values were highly signi®cantly related to dietary intake. For the purposes of determining dietary intake, as with total avonols, urinary values appear marginally better (r 2 66.3% vs 55.3%, both P`0.001). There was little additional bene®t from employing both parameters in a multiple regression equation (r 69.6% P`0.001).
Total 24 h urine excretion of¯avonols It might be expected that total urinary excretion should give a better prediction of intake than urine concentration. However, in the present study on free-living diabetic subjects this did not prove to be the case. Thus regression coef®cients for 24 h urinary excretion of total¯avonols (r 0.728, P`0.001; Figure 3 ) and for 24 h urinary quercetin excretion (r 0.681, P 0.001; Figure 5 ) were weaker than those for urinary concentrations. Tests for completeness of urine collection were not employed. Urine volumes were 0.81±2.64 l at baseline, 0.86±2.48 l on the low-¯avonol diet and 0.87±4.45 l on the highavonol diet.
Flavonol intake on habitual diets
The measurements of fasting plasma¯avonols (and quercetin) and of urinary¯avonols made at baseline on each subject's habitual diet were applied to the regression b quercetin intake 7.10 0.561 6 urine quercetin concentration (r 0.814, P`0.001.
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equations to estimate the¯avonol consumption of each subject on their habitual diet, shown in Tables 4 and 5 . The average¯avonol intake on the baseline diet, estimated from a regression equation based on fasting plasmā avonols, was 35.2 AE 3.5 mgaday. Estimated from urine concentration, the¯avonol intake was 33.2 AE 7.2 mgaday. There was a wide range of values from 17 to 50 mgaday based on plasma concentrations, and 18 to 82 mgaday from urine measurements.
Estimates of quercetin intake from fasting plasma quercetin and from urine concentration were closely related to total¯avonol intakes (Table 5) . Table 1 shows the nutrient analyses of subjects at baseline, during 4 days immediately before the measurements were made. The mean and range for key nutrients in these diabetic patients was very similar to those of the general population. In particular, the ®gures for dietary ®bre, vitamin C and vitamin E do not point to an unusual consumption of fruit or vegetables in these diabetic subjects. None were taking vitamin supplements. There were no statistically signi®cant relationships between baseline plasma¯avonols or quercetin and dietary intakes of total fruit and vegetable intake, total vegetable intake, total potato intake, total fruit intake or total tea intake at baseline. The highest correlations observed were between total vegetable intake (in gaday) and plasma¯avonols (r 0.38, P 0.40) or plasma quercetin (r 0.36, P 0.43).
Dietary analyses
Discussion
Previously, many studies (Rice-Evans et al, 1995; Noroozi et al, 1997 Noroozi et al, , 1998 Lean et al, 1998) have found that avonoids, and particularly quercetin, are powerfully antioxidant. To investigate dietary importance, an intervention study with pure quercetin was considered, but because of the lack of absorption of pure quercetin aglycone, we identi®ed high-¯avonoid sources from foods for a human intervention study. From the work of Hertog and Hollman (1996) and recent measurements by Crozier et al (1997) , we chose onion and tea, as they are rich in¯avonols Tomato ketchup and herbs (oregano) were also included for ®ve of the 10 subjects, thus providing two levels of high-¯avonol diet (110.4 and 76.3 mgaday).
The baseline measurements, re¯ecting the habitual diets of free-living adults revealed detectable¯avonols in both fasting plasma and in urine of eight of the 10 subjects. The main contributor to dietary¯avonols was quercetin at 92.4% of total¯avonols and this is re¯ected in both urine and plasma measurements. For both total¯avonols and quercetin there was a close correlation between the fasting plasma and 24 h urinary concentration so regression equations employing plasma or urine gave very similar results, and either could be employed to estimate dietary exposure.
The average¯avonol intake on habitual diets estimated in the present study from a mean fasting¯avonol concentration 35.2 ngaml is higher than estimates in some other countries, from application of data on¯avonol contents of certain foods to dietary survey data (Hertog et al 1995) . Quercetin intake estimated in the present study (32 mgaday) is more than in any of the eight countries presented in Table 6 . The fasting concentration in Canadian subjects of 27.7 ngaml reported by Conquer et al (1998) suggests intakes very similar to the present study, although there were differences in the assay method. The subjects in the present study were not necessarily representative of the adult Scottish population and the in¯uence of their noninsulin dependant diabetes mellitus cannot be assessed, but they were free-living adults, with diet compositions very similar to those of the general population. There is no a priori reason to expect non-insulin dependent diabetes mellitus to affect the results, although vitamin C levels may be low in diabetic subjects (Sinclair et al, 1994) . The consumption of fruit and vegetables were low by international standards, so the¯avonoid intakes in other countries are likely to be considerably higher. Given their powerful antioxidant actions, the large range in¯avonol consumptions found from habitual diets in the present study (18 to 82 mgaday), and the wider range in plasma concentrations (0 to 44 ngaml), point to the possibility of an even wider range in dietary antioxidant protection between individuals with radically different diet compositions. The relatively close relationship to total fruit and vegetable consumption suggests exploring plasma¯avonols concentration as a marker of dietary exposure, particularly in children and others who do not consume tea or red wine.
The method we have developed, employing a more sensitive assay than previously available, offers the potential to make simple estimations of¯avonol consumption of free-living individuals on the basis of a urine collection, or from a fasting blood sample. The failure of 24 h urine excretion to give a better prediction of intake probably illustrates the dif®culty in obtaining complete urine collections, and it is interesting that the urine¯avonol concentration gave such good results. In routine research, a fasting plasma sample is likely to be a more widely applicable and reliable test. For application in the general population the results of the present study, designed to assess feasibility, should ideally be supported and validated by similar data in a larger number of non-diabetic individuals.
Biochemical biomarkers of dietary intake are desirable, give the dif®culties in determining food intake and the extent of variability in composition of many foods. The ®gures for¯avonols as biomarkers of dietary intake in the present study (r 0.7±0.8) compare favourably with those published for vitamin C (r 0.3±0.4), carotenoids (r 0.1± 0.5) or vitamin E (r 0.1) (Bingham et al, 1997; Marshall, 1997; Sinha et al, 1992) . The range between individuals in plasma or urinary¯avonols was larger than that of many dietary nutrients. Since the assay methods were highly reproducible, this variation must imply either a wide range in exposure, or difference in post-absorptive metabolism or excretion. We have shown elsewhere that the simple dietary manipulations in the present study may have marked impact on antioxidant status . Variations in individual responses to dietary¯avonols are possible, but at present little is known about the quantitative impacts of absorption, metabolic pathways or excretion of¯avonols from different food sources. Acute feeding experiments show a rapid rise and fall in plasma¯avonols or quercetin over 4±6 h (Aziz et al, 1998) , but the present results, and those of Conquer et al (1998) suggest a cumulative effect over a period of weeks, demanding further detailed dynamic studies. Table 6 Flavonol and quercetin intakes estimated from diet records in middle aged men in the Seven Countries Study (Hertog et al, 1995) and from ??? plasma concentrations in the present study (Glasgow) Quercetin intake (mgaday)
Flavonol and avonone intake (mgaday) Predicted from fasting plasma¯avonols, n 10, age 60AE 69.5 y, ®ve male and ®ve female.
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